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 2 
Abstract 26 
The maintenance of soil quality is critical for ensuring the sustainability of the 27 
environment and the biosphere. Although soil biochemical properties are considered 28 
good indicators of changes in soil quality, few studies have been made of the changes in 29 
biochemical properties brought about by anthropogenic disturbance of grassland 30 
ecosystems. In the present study, several biochemical properties were analysed in 31 31 
grassland soils subjected to a high level of management, and the values obtained were 32 
compared with known values corresponding to native grasslands from the same region 33 
(Galicia, NW Spain). The 31 managed grasslands were divided in two groups (re-sown 34 
grasslands and improved grasslands) according to their management and past land use. 35 
The biochemical properties studied were: labile carbon, microbial biomass carbon, 36 
microbial respiration, metabolic quotient, net nitrogen mineralization, and the activities 37 
of the following enzymes: dehydrogenase, catalase, phosphodiesterase, 38 
phosphomonoesterase, casein-protease, BAA-protease, urease, cellulase, ß-glucosidase, 39 
invertase and arylsulphatase. Managed grasslands exhibited lower values of soil 40 
biochemical properties than native grasslands. Three biochemical equilibrium equations 41 
were used to compare soil quality in managed and native grasslands. One of the 42 
equations did not show any significant difference between the groups of grassland soils 43 
considered. On the contrary, two of the equations showed similar soil quality for 44 
improved and native grasslands, while re-sown grasslands exhibited a loss of soil 45 
quality when compared to native grassland soils. 46 
 47 
Keywords: soil biochemical properties; soil quality; grassland management; soil 48 
enzymes; soil organic matter 49 
 50 
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Introduction 51 
Anthropogenic land management is one of the main causes of soil degradation, and 52 
there is, therefore, worldwide interest in quantifying the loss of soil quality generated by 53 
agricultural operations (Dick, 1992). As indicated recently (Gil-Sotres et al., 2005), 54 
there are two basic requirements for the correct evaluation of soil quality. First of all, 55 
properties used to evaluate soil status must be established. Although some authors 56 
consider that soil physical and chemical properties may be used, biochemical properties 57 
are generally preferred (Dick, 1992) because they are more sensitive and respond more 58 
quickly than physical or chemical properties to the effects of management practices 59 
(Nannipieri et al., 2002). Furthermore, biochemical properties can be determined rapidly 60 
and easily in the laboratory (Nannipieri et al., 2002). However, individual biochemical 61 
properties are of limited use as soil quality indicators (Nannipieri et al., 1990; Gil-Sotres 62 
et al., 2005) because soil processes cannot be reflected adequately by the measurement 63 
of individual properties. At present, it appears that using equations that include several 64 
biochemical properties reflects better the complexity of the soil system and it is the 65 
most suitable and accurate method of evaluating soil quality (Nannipieri et al., 2002; 66 
Gil-Sotres et al., 2005). Secondly, the soil that represents the maximum quality must be 67 
established so that relevant comparisons can be made. For forest soils, soils under 68 
climax ecosystems are usually used for comparative purposes (Trasar-Cepeda et al., 69 
1998). But, in the case of grassland soils, native grassland soils (with no or minimal 70 
human intervention) should be used as reference soils, as grassland ecosystems have 71 
very different soil microclimates and organic matter dynamics from forest soils, which 72 
results in different values in soil biochemical properties (Saviozzi et al 2001). 73 
 Herbaceous vegetation constitutes a quarter of Earth´s land surface (Snaydon, 1981). 74 
Only some of these areas correspond to natural formations, whereas most of it has been 75 
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converted from forest or from shrubland to managed grasslands. In this latter case, large 76 
amounts of fertilizers have been added to the land. Until recently, these types of 77 
management practices were considered essential and were justified by the highly 78 
productive soils created. However, it is now considered that management practices must 79 
favour recycling of nutrients to minimise the use of external inputs and must also 80 
promote conservation of biodiversity (Yeates et al., 1997). Management practices 81 
involving the use of large amount of fertilizers, ploughing and periodic re-seeding can 82 
cause soil degradation (Dick, 1992). Thus, it has been proved that grassland 83 
management results in decreased soil organic matter contents (Sparling and Schipper, 84 
2004) and specific studies carried out in the United Kingdom (Lovell et al., 1995) and in 85 
the Alps (Zeller et al., 2001) have showed that managed grasslands support smaller 86 
populations of microbes than native grasslands soils, alterations that should reflect a 87 
diminishing in soil quality. Sensitivity of soil biochemical properties to management 88 
suggests the possibility of using such properties as indicators of soil quality in grassland 89 
ecosystems, similarly as used in other ecosystems [see, for example, Masto et al. (2007) 90 
for crops or Trasar-Cepeda et al. (1998) for forests]. It is noteworthy, that, although soil 91 
biochemical properties are considered to be sensitive indicator to assess soil quality, 92 
only a few equations that estimate soil quality from soil biochemical properties are 93 
available, as it can be seen in a recent review (Bastida et al., 2008). 94 
The aim of the present study was to characterize the biochemical properties of 95 
managed grassland soils in Galicia and to compare their values with those of native 96 
grasslands located in the same region (Paz-Ferreiro et al., 2007). This comparison will 97 
allow us to determine the degree to which grassland management causes changes in the 98 
biochemical status of the soils, and, where changes have occurred, to evaluate their 99 
importance.  100 
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 101 
Material and Methods 102 
Soils 103 
Galicia (NW Spain) has a temperate-humid climate with an average temperature of 14.4 104 
°C and an annual average rainfall of 1405 mm. Herbaceous vegetation covers 105 
approximately 12.5% of Galicia. It is estimated that 65% of Galician grasslands are not 106 
native. The botanical community in these grasslands is dominated by Lolium 107 
multiflorum Lam. and Trifolium repens L. (Fraga et al., 2002). Two types of managed 108 
grassland soils that differ in terms of past land use were considered in our study: 109 
improved grasslands and re-sown grasslands. The improved grasslands have been under 110 
grassland use for, at least, the last 100 years, whereas the re-sown grasslands were 111 
originally forests which have been cleared 30-40 years ago. The management practices 112 
used in both types of grasslands include liming to correct their pH, periodic re-seeding 113 
(usually annual or biannual) with removal of the existing grassland, surface ploughing 114 
and seeding, as well as periodic fertilization, mainly with cattle slurry (for the improved 115 
grasslands) and inorganic fertilizers (for the re-sown grasslands). In the present study, 116 
thirty-one managed grassland soils throughout Galicia were analysed. Sixteen of these 117 
correspond to re-sown grasslands and 15 to improved grasslands. Table 1 and Table 2 118 
indicate the location and parent material of the soils sampled.  119 
Samples were collected during the spring of 2005 (before soils were managed or 120 
fertilized).  The utilization of the same sampling procedure and the same sampling 121 
period as in a previous work (Paz-Ferreiro et al., 2007) allowed us to do valid 122 
comparisons between the soils described here and those of native grasslands.  123 
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 Soil physical and chemical properties 124 
Total organic C (wet oxidation) and N (Kjeldahl digestion) contents and pH in 1 M KCl 125 
(1:2.5 soil: solution ratio) were determined following the methods described by Guitián 126 
and Carballas (1976). Available P was extracted with 0.5 M sodium bicarbonate (pH 127 
8.2), according to Bowman and Cole (1978), and inorganic P in the extracts was 128 
determined according to Murphy and Riley (1962). Amorphous Al and Fe were 129 
extracted with 0.2 M ammonium oxalate/oxalic acid buffer of pH 3.0 (Guitián and 130 
Carballas, 1976) and were determined by atomic absorption spectrometry. Particle size 131 
distribution was determined with a Robinson pipette using Calgon as dispersant 132 
(Guitián and Carballas, 1976). 133 
 134 
Microbial biomass carbon, basal respiration and nitrogen mineralization 135 
Microbial biomass C was determined by the chloroform fumigation-extraction method 136 
(Vance et al., 1987). The difference in C content of the fumigated and unfumigated 137 
extracts was converted to microbial biomass C (expressed in mg kg
-1
 of dry soil) 138 
applying a factor (Kc) of 0.45. The C extracted with K2SO4 from the unfumigated 139 
samples was used as a measure of the labile pool of C (Haynes, 2005). 140 
Soil basal respiration was determined by static incubation (Guitián and Carballas, 141 
1976). The CO2 produced during a 10-day period by 25 g soil samples incubated at field 142 
moisture content at 25 ºC was collected in 10 ml of a 1 M NaOH solution, which was 143 
then titrated against HCl with an automatic titrator. qCO2 (µg CO2-C released mg
-1 
144 
biomass carbon h
-1
) was calculated as the ratio between basal respiration and microbial 145 
biomass C. 146 
To determine net N mineralization, 10 g soil samples were extracted for 30 min with 147 
50 ml of 2 M KCl before and after incubation for 10 days at 25 ºC at field moisture 148 
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content. Total inorganic N was determined in the extracts by Kjeldahl distillation 149 
(Bremner, 1965). Net nitrogen mineralization (mg kg
-1
 10 d
-1
) was calculated as the 150 
difference between the values obtained before and after incubation.  151 
 152 
Enzymatic activities 153 
The activities of oxidorreductases (dehydrogenase and catalase) and hydrolytic enzymes 154 
of the C (cellulase, -glucosidase and invertase), N (casein-protease, BAA-protease and 155 
urease), P (phosphodiesterase and phosphomonoesterase) and S (arylsulphatase) cycles 156 
were determined. The methods used to determine specific biochemical parameters are 157 
shown in Table 3. All enzyme activities were determined in triplicate.  158 
 159 
Soil quality indexes 160 
To assess soil quality several equations that theoretically give indication of biochemical 161 
equilibrium in unaltered soils were used: 162 
a) Trasar-Cepeda et al (1998) index: These authors chose a series of soils covered by 163 
climax vegetation in Galicia (the same region as in our study) and established an 164 
equation to define total N from several microbial parameters (microbial biomass C, 165 
mineralized N, phosphatase, β-glucosidase and urease) (Eq. 1). With the resulting 166 
equation, they found that there was a balance between total N and several biochemical 167 
parameters.  168 
Total N = (0.38·10
-3
· microbial biomass C) + (1.410
-3
· mineralized N) + (13.6· 10
-3
· 169 
phosphomonoesterase) + (8.9· 10
-3
 · β-glucosidase) + (1.6· 10-3 · urease)              (1) 170 
where: total N is expressed as percentage, microbial biomass C and mineralized N (mg 171 
kg
−1
), and the enzymatic activities in μmol of liberated product g−1 h−1. This model 172 
points to the closeness or nearness to an ideal quality state in the chosen soils, for which 173 
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 8 
they used the quotient between the N estimated by the model and the total N calculated 174 
by the Kjedahl method. This equation was tested in soils contaminated by heavy metals, 175 
mine soils and arable soils (Leirós et al., 1999). The ratio 100 Nt/Nr enables 176 
quantification of the degree to which soil biochemical status differs from biochemical 177 
equilibrium. Soils with biochemical equilibrium should have a Nt/Nr ratio equal to 100 178 
and values far from 100 represent degraded soils. 179 
b) Puglisi et al. (2006) index: These authors developed an index (AI 3) of soil quality 180 
which was validated using 17 previous data sets. AI 3 was able to discriminate between 181 
altered and control soils under heavy metal contamination, intensive agricultural 182 
exploitation, contamination from tannery and landfill effluents, mining activities and 183 
erosion. Puglisi et al. (2006) found that the lower AI 3 was the more quality the soil 184 
had. 185 
AI 3 = (7.87 · -glucosidase) - (8.22 · phosphomonoesterase) - (0.49 · urease)                      186 
(2) 187 
where the enzymatic activity are expressed in μmol of liberated product g−1 h−1. 188 
c) Paz-Ferreiro et al. (2007) equation: These authors studied a series of native 189 
grassland soils in Galicia and found out an equation to define total C from several 190 
microbial parameters (microbial biomass C, catalase, phosphomonoesterase and urease) 191 
(Eq. (3)). With the resulting equation, they found that there was a balance between total 192 
C and several biochemical parameters. The following equation explained 96% of the 193 
total variance in the estimation of total C: 194 
Total carbon = 0.764 + 2.304·10
-3 
· biomass-C + 0.936·catalase + 0.017 · urease + 0.206 195 
· phosphomonoesterase                               (3) 196 
where: total C is expressed as percentage, microbial biomass C as mg kg
−1
, and the 197 
enzymatic activities in μmol of liberated product g−1 h−1 for urease and 198 
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 9 
phosphomonoesterase and as mmol H2O2 evolved  g
-1
 h
-1
 for catalase. For this index, 199 
soil quality was estimated comparing the total carbon content measured by dichromate 200 
oxidation (Cr), with the total carbon content estimated from equation 3. Soils with 201 
biochemical equilibrium should have a Ct/Cr ratio equal to 100. This expression has 202 
never been validated and has, so far, only been used for native grasslands, but, the wide 203 
range of organic matter and the large number of soils used for calibration (total carbon 204 
in the 29 native grassland soils ranged from 2.2 to 15.1%) suggest that the model is also 205 
applicable to managed soils, as they present a similar range of total carbon contents.  206 
 207 
Statistical analysis 208 
All statistical analyses were performed with SPSS version 15.0. Differences between 209 
means were tested by analysis of variance (ANOVA). 210 
 Because of the vast amount of soils sampled in the study, only mean values for 211 
biochemical properties are provided. Data for individual soils can be provided to readers 212 
on request. 213 
 214 
Results 215 
Table 4 includes the mean values for general properties in Galician managed grasslands; 216 
data for native grassland soils (obtained from Paz-Ferreiro et al., 2007) are also shown. 217 
The most significant finding as regards the differences between managed and native 218 
grasslands was the lower organic matter content in the former, especially in the case of 219 
re-sown grasslands. Native grasslands had an average C content of 5.70±2.90 % while it 220 
was 5.26±2.00 % for improved grasslands and 3.32±1.20 % for re-sown grasslands. The 221 
difference in C content was not statistically significant for improved grasslands, but was 222 
significant for re-sown grasslands. Extractable P was higher in the managed grasslands 223 
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(60±9 mg kg
-1
 for improved grasslands and 54±10 mg kg
-1
 for re-sown grassland) than 224 
in the native grasslands (19±7 mg kg
-1
), reflecting the effects of fertilization. The 225 
managed grasslands have similar clay and sand content, as well as pH than the native 226 
grasslands. 227 
 Table 5 shows the values for biochemical properties in managed grasslands; data for 228 
native grasslands (obtained from Paz-Ferreiro et al., 2007) are also shown. It is 229 
important to note that, generally, soil biochemical properties lowered their values in 230 
managed grasslands in relation to native grasslands. On a whole, re-sown grasslands 231 
exhibited even lower values of biochemical properties than both improved and native 232 
grasslands. However, when the values for the biochemical properties were expressed in 233 
terms of organic C content, the mean values for native and anthropogenic grasslands 234 
were generally very similar (Table 6) and for most of the properties there were no 235 
significant differences for the three groups of grassland soils.  236 
Table 7 and Table 8 show the correlation coefficient for the different properties 237 
analyzed in improved grasslands and in re-sown grasslands, respectively. Correlations 238 
between biochemical properties were similar in both types of managed grassland soils 239 
and will be discussed together. Total C and N were both closely correlated with many 240 
biochemical properties. The properties that were least correlated with others were BAA-241 
protease, urease and cellulase activities. It is noteworthy that there were no correlations 242 
between the activities of -glucosidase and cellulase, as both enzymes are involved in 243 
the break up of cellulose, and are generally strongly correlated. The lack of correlations 244 
suggests a decoupling of enzyme activities involved in the carbon cycle, which may 245 
indicate that, in managed grasslands, the processes of degradation of different sized 246 
carbon compounds are regulated by different mechanisms, probably because organic 247 
amendments increase the input of labile organic matter into the soil.  248 
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Figure 1 shows the values of 100 (Nt/Nr), AI 3 and 100 (Ct/Cr), according to 249 
equations 1, 2 and 3, respectively, by comparing both types of managed grasslands with 250 
the native grasslands. Using equation 1, we obtained a 100 (Nt/Nr) of 93±27 for native 251 
grasslands, 81±22 for improved grasslands and 88±23 for re-sown grasslands. 252 
According to equation 2, native grassland soils exhibited an AI 3 value of -50±35. This 253 
value was -37±6 for improved grasslands and -29±12 for re-sown grasslands. According 254 
to equation 3, the mean values of 100(Ct/Cr) were 100±10 for native grasslands, 87±22 255 
for improved grasslands, and 126±21 for re-sown grasslands. 256 
 257 
Discussion 258 
General and biochemical properties 259 
Similar pH values in the managed and native grasslands suggest that the action of 260 
liming material applied to managed grasslands disappears over time. This effect is 261 
possibly due to the climate in Galicia, which is generally characterized by annual rates 262 
of precipitation of more than 1000 mm per year. Such high precipitations promote loss 263 
of liming material and originate gradual acidification of the soil. The fact that the soils 264 
analyzed have a similar pH allows us a better comparison of their biochemical 265 
properties, as it is known that pH can influence soil enzymatic activities (Tabatabai, 266 
1994). 267 
The lower organic matter content in managed grasslands relative to native grasslands 268 
is consistent with other studies (see, for example, Nsabinama et al., 2004) and could be 269 
due to the action of two basic factors. Firstly, grassland management is associated with 270 
a decrease in root exudates (Mawdsley and Bardgett, 1997) due to decreases in the 271 
amount of root mass brought about by the use of inorganic fertilizers (Stewart and 272 
Metherell, 1999). Secondly, the effect of ploughing in managed grasslands creates a 273 
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lower degree of soil aggregation (Gupta and Germida, 1988), which causes greater 274 
physical exposure of organic matter to the atmosphere, thereby favouring oxidation of 275 
organic matter (van Veen and Paul, 1981). It is important to stress that the re-sown 276 
grassland soils contained lower amounts of organic matter than both improved grassland 277 
soils and native grasslands. This can be attributed to the clearing of pre-existing forest 278 
vegetation cover in re-sown grasslands. Clearing has been associated with rapid 279 
mineralization of the organic matter pool (Okore et al., 2007), although cultivation also 280 
dilutes soil C because it leads to mixing of subsoil with a relatively low organic matter 281 
content and surface soil with a higher organic matter content (Gregorich et al., 1998). 282 
However, the C/N ratios were similar in all three types of grassland studied, which 283 
suggests that the loss of carbon and of nitrogen occur at the same rate in managed 284 
grassland soils, regardless of soil management. 285 
A decrease in the size of the microbial populations in managed grassland compared 286 
to native grasslands was found, as can be seen from the microbial biomass values (Table 287 
5). This decline could be attributed to a reduction in microhabitats generated by the loss 288 
of organic matter. Enzymatic activity values were lower in managed grasslands than in 289 
native grasslands. This decrease of enzymatic activities is more manifest in re-sown 290 
grassland soils, where it can be attributed to reduced litter input and changes in soil 291 
climate after clear-cutting of the pre-existing forest soil, as suggested in other studies 292 
(Tan et al., 2008). 293 
Phosphomonoesterase and casein-protease activities were lower in the re-sown 294 
grasslands than in the native grasslands. It is known that the application of large 295 
amounts of inorganic phosphorus to grasslands may restrict synthesis of 296 
phosphomonoesterases (Uhlirova et al., 2005) and that N fertilizer may have a similar 297 
effect on casein-protease (Dick, 1992). However, as the decrease in both activities was 298 
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similar to that found for organic matter content, it is possible that the reduction in 299 
enzymatic activity may be largely due to the loss of organic matter that occurs in these 300 
grassland soils.  301 
When the values for the biochemical properties were expressed in terms of organic C 302 
content, the mean values for native and anthropogenic grasslands were very similar and, 303 
generally, their average values were not significantly different (Table 6). This shows 304 
that the same factors that cause the reduction in the organic matter content in managed 305 
grasslands also generate lower biochemical activity. 306 
Interestingly, managed and native grasslands did not exhibit significantly different 307 
values of qCO2, although higher values of this property have been reported for managed 308 
ecosystems (Insam and Domsch, 1988). It seems that, in contrast to other reports (Insam 309 
and Domsch, 1988), the managed grassland soils studied in our work are not in a 310 
situation of metabolic stress. 311 
In summary, our results indicate that grassland management generates a quantitative 312 
change in soil biochemical properties, when compared to native grasslands. These 313 
changes were more apparent in re-sown than in improved grasslands. This implies that 314 
forest clearing for grassland establishment has had a stronger impact on soil 315 
biochemical properties than intensive grassland management.   316 
  317 
Correlations between properties: Principal Component Analysis  318 
Correlations between total N content and each of the different biochemical properties 319 
were generally higher than those between total C content and soil biochemical 320 
properties, which is in contrast to recent findings for native Galician grasslands (Paz-321 
Ferreiro et al., 2007). Furthermore, for improved grassland soils, biomass-C was related 322 
to neither total C nor total N, which suggests that the organic matter in these soils no 323 
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longer played a predominant role in determining the size of the microbial populations 324 
(Carter et al., 1999). Moreover, many of the biochemical properties measured in the 325 
present study were significantly related to each other, as also reported by Ross et al. 326 
(1995) and Banerjee et al. (2000) for other grassland soils.  327 
In order to clarify the structure of the interdependence between properties in the 328 
managed grasslands, principal component analysis (PCA) was applied to the data 329 
corresponding to all the soil properties studied. The structure of PCA for re-sown and 330 
for improved grasslands differed from that corresponding to native grassland soils (Paz-331 
Ferreiro et al., 2007), which suggests that managed grasslands have suffered qualitative 332 
changes in their biochemical properties. The two first principal components in the three 333 
groups of soils considered are shown in Figure 2. Native grassland soils (Paz-Ferreiro et 334 
al., 2007) and forest climax soils (Trasar-Cepeda et al., 2000) have a high 335 
interdependence between organic matter and biochemical properties and among 336 
biochemical properties, but, in contrast, managed grassland exhibit less interdependence 337 
among these properties (Figure 2). PCA analysis shows that the more intensive the 338 
management is the more dispersed the cluster of properties is. 339 
Our results suggest that anthropogenic management not only causes a decrease in 340 
soil organic matter and in soil biochemical properties but also changes in the 341 
relationships among biochemical properties. In other words, grassland management 342 
generates both qualitative and quantitative changes in the biochemical status of the soil.  343 
    344 
Changes in the biochemical equilibrium of the soil caused by intensive grassland 345 
management: evaluation of soil quality 346 
The three equations utilized resulted in different information about soil quality. Thus, 347 
using equation 1, we obtained a 100 (Nt/Nr) of 93±27 for native grasslands, 81±22 for 348 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
 15 
improved grasslands and 88±23 for re-sown grasslands (Figure 1). Hence, equation 1 349 
was unable to distinguish the effect of management on soil biochemical quality among 350 
the three types of soils (P<0.05), which would appear to contradict our finding that 351 
managed grassland soils showed quantitative and qualitative differences in their 352 
biochemical properties (see above discussion). These divergences can be accounted for 353 
by the fact that equation 1 was developed from forest climax soils and, as other authors 354 
have found, grassland and forest soils exhibit different behaviour for different 355 
biochemical properties (Saviozzi et al., 2001), especially for enzymes involved in the N 356 
cycle (Paz-Ferreiro et al., 2007).  357 
According to equation 2, native grassland soils exhibited an AI 3 value of -50±35 358 
(Figure 1). This value was -37±6 for improved grasslands and -29±12 for re-sown 359 
grasslands. A problem in using this equation to evaluate soil quality is that Puglisi et al. 360 
(2006) did not define any threshold value and, indeed, they found that reference soils 361 
exhibited AI3 values from -350 to -47, while AI3 could range from -180 to -94 for 362 
eroded soils and from -166 to 12 in hydrocarbon polluted soils. In our work we also 363 
found high data variability, with values that ranged from -169 to -1 in the case of native 364 
grasslands, from -53 to -17 in the case of improved grasslands and from -50 to -14 in 365 
the case of re-sown grasslands. Although AI 3 values for native grasslands are lower 366 
than for intensive grasslands (which implies more soil quality for the former than for the 367 
later), the values obtained are not significantly different (P<0.05). Most importantly, our 368 
results also showed that native grasslands and re-sown grassland soils exhibit 369 
statistically significant different values of AI 3. Equation 2 seems to be useful for 370 
assessing soil quality in temperate grassland ecosystems and suggests that re-sown 371 
grassland soils are degraded in comparison with native grassland soils, while improved 372 
grasslands have a similar quality to that of native grasslands. This result seems to be 373 
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coherent with two findings discussed above: (1) in comparison to native grasslands, re-374 
sown grassland soils appeared to have suffered a loss of biochemical properties; and (2) 375 
managed grasslands (especially re-sown grassland soils) appear to exhibit a qualitative 376 
change in their biochemical properties. Unfortunately, the absence of threshold values 377 
for equation 2 does not allow us to quantify how many of the soils studied here have 378 
suffered an important alteration in soil quality. 379 
According to equation 3, the mean values of 100(Ct/Cr) were 87±22 for improved 380 
grasslands, 100±10 for native grasslands and 126±21 for re-sown grasslands (Figure 1). 381 
The mean values of 100(Ct/Cr) ratio differed significantly (P<0.05) between re-sown 382 
grassland soils, on one hand, and both, native grasslands and improved grasslands, on 383 
the other. It is noteworthy, that, as found for equation 2, the values for re-sown 384 
grassland differed from those of native grasslands.   385 
The results obtained with equation 3 indicate that many managed grasslands in 386 
Galicia have adequate levels of biochemical activity, as they have 100(Ct/Cr) values of 387 
between 85 and 115%. This represents a variation in the real value compared with the 388 
calculated value of ±15%, a degree of dispersion that may be considered acceptable for 389 
studies based on soil biochemical properties. This variation is in agreement with studies 390 
of soils subjected to minimal anthropogenic disturbance (native grassland soils).  391 
Our data showed that 40% of the improved grasslands exhibited 100(Ct/Cr) values 392 
lower than 85%, and that 44% of re-sown grassland soils exhibit 100(Ct/Cr) values 393 
higher than 115%, which suggests that the biochemical equilibrium characteristic of 394 
native grassland ecosystems has been altered in managed grasslands. These results are 395 
in accordance with the quantitative and qualitative changes found in soil biochemical 396 
properties, as discussed above. That is, it was shown that re-sown and native grasslands 397 
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exhibit substantially greater divergence in biochemical properties than the improved and 398 
native grasslands. 399 
Our results suggest that some of the improved grasslands are suffering a loss of soil 400 
quality, probably due to a slowing of the biogeochemical cycling of elements. The 401 
results suggest that in this type of soil the microbial pool is more sensitive to intense 402 
management than the organic matter pool as the former diminishes faster than the latter. 403 
In the case of the re-sown grasslands, our results suggest that some of them are in a state 404 
of high microbiological and biochemical activity (Leirós et al., 1999). This transitory 405 
state may be explained by the effect of fertilization on soil biochemical properties, 406 
which may lead to higher values of enzymatic activities with respect to organic matter 407 
content (Simek et al., 1999).  408 
In summary, the results suggest that the biochemical equilibrium characteristic of 409 
native (mature) grassland ecosystems has been altered in managed grasslands, 410 
especially in re-sown grassland soils, and suggests that managed grasslands are 411 
suffering a loss of soil quality. Two biochemical equilibrium equations have been 412 
proved to be useful for measuring the loss of soil quality in temperate grassland 413 
ecosystems. Equations 2 and 3 showed lower soil quality in re-sown than in native 414 
grasslands. Moreover, equation 3 was found to discriminate between the 100(Ct/Cr) 415 
values of improved and re-sown grassland soils, evidencing a different range of value 416 
for both types of soil. 417 
 418 
Conclusions 419 
The data revealed a lower biochemical activity associated with the low total C content 420 
in managed grasslands. Biochemical equilibrium indexes proved to be useful in 421 
evaluating soil quality in temperate grassland soils. AI3 proved to be useful in 422 
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temperate grassland soils to measure soil quality, although its use was limited by the 423 
lack of threshold values. The use of Ct/Cr as an index of deviation of a soil from 424 
biochemical equilibrium (and hence a loss of soil health or quality) was validated. Re-425 
sown grasslands have been proved to have lower soil quality than other types of 426 
grassland soils. Thus, from the point of view of soil quality, managed grasslands, where 427 
possible, should be established on previous grasslands, instead of being established 428 
through forest clear cutting. 429 
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Table 1 Geographical location and parent material of the 15 improved grasslands under 559 
study.  560 
Sample Latitude (N) Longitude (W) Altitude asl (m). Parent material  561 
IG1 43º09´50´´ 8º49´20´´ 330  Schists and gneisses  562 
IG2 42º57´52´´ 8º45´30´´ 380  Granite  563 
IG3 43º10´48´´ 8º20´31´´ 450  Schists  564 
IG4 43º03´35´´ 8º00´35´´ 510  Gabbres  565 
IG5 43º04´45´´ 8º11´40´´ 398  Schists  566 
IG6 43º34´41´´ 8º59´40´´ 215  Paragneisses  567 
IG7 43º37´29´´ 7º56´55´´ 330  Basic rocks  568 
IG8 43º23´08´´ 7º48´12´´ 520  Schists  569 
IG9 43º53´00´´ 7º55´20´´ 430  Granodiorite  570 
IG10 43º02´20´´ 8º25´30´´ 306  Schists  571 
IG11 43º32´24´´ 7º26´40´´ 80  Granite  572 
IG12 43º45´43´´ 7º59´20´´ 580  Schists  573 
IG13 42º48´01´´ 8º51´12´´ 70  Schists  574 
IG14 42º32´33´´ 8º18´20´´ 615  Schists  575 
IG15 42º49´06´´ 8º24´54´´ 280 Schists and paragneisses 576 
577 
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 578 
Table 2 Geographical location and parent material of the 16 re-sown grasslands studied. 579 
Sample Latitude (N) Longitude (W) Altitude asl (m) Parent material  580 
RG1 43º10´50´´ 8º38´31´´ 180  Schists and gneisses  581 
RG2 43º14´08´´ 8º16´57´´ 160  Schists  582 
RG3 43º21´55´´ 8º10´00´´ 100  Schists  583 
RG4 43º15´21´´ 7º42´45´´ 425  Schists  584 
RG5 43º04´42´´ 7º10´15´´ 780  Slates   585 
RG6 43º03´09´´ 7º15´45´´ 620  Slates   586 
RG7 42º34´38´´ 7º29´26´´ 348  Granite  587 
RG8 42º26´36´´ 7º54´34´´ 440  Granite  588 
RG9 43º31´02´´ 8º00´31´´ 549  Granite  589 
RG10 42º41´54´´ 8º16´04´´ 355  Granite  590 
RG11 42º11´25´´ 7º45´40´´ 490  Granite  591 
RG12 42º04´45´´ 7º41´40´´ 622  Granite  592 
RG13 41º53´10´´ 7º28´20´´ 385  Granite  593 
RG14 42º05´50´´ 8º20´20´´ 110  Granite  594 
RG15 42º07´10´´ 8º35´40´´ 100  Granite 595 
RG16 42º13´50´´ 8º35´40´´ 105  Paragneisses 596 
 597 
 598 
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Table 3 Enzymatic assays performed on the 31 soil samples.  
Enzymatic activity Substrate (concentration) pH Units Reference 
Dehydrogenase INT (0.5 %)  7.5 μmol INTF g-1 h-1 Camiña et al. (1998) 
Catalase H2O2 (1 %)   7.4 mmol consumed g
-1
 h
-1 
Trasar-Cepeda et al. (1999) 
Urease  Urea (1065.6 mM)  8.0 μmol NH3 g
-1
 h
-1 
Nannipieri et al. (1980) 
BAA-protease BAA (0.03 M)  8.0 μmol NH3 g
-1
 h
-1 
Nannipieri et al. (1980) 
Casein-protease Casein (1 %)  9.0 μmol tyrosine g-1 h-1 Ladd and Butler (1972) 
-glucosidase p-nitrophenyl- -D-glucopyranoside (25 mM) 5.0 μmol p-nitrophenol g-1 h-1 Eivazi and Tabatabai (1988) 
CM-cellulase carboxymethyl-cellulose (0.7 %)  5.5 μmol glucose g-1 h-1 Schinner and von Mersi (1990) 
Invertase Sucrose (35.06 mM) 5.5 μmol glucose g-1 h-1 Schinner and von Mersi (1990) 
Phosphodiesterase bis-p-nitrophenyl phosphate  (10 mM) 5.0 μmol p-nitrophenol g-1 h-1 Bowman and Tabatabai (1978) 
Phosphomonoesterase  p-nitrophenyl phosphate (16 mM)  5.0 μmol p-nitrophenol g-1 h-1 Saá et al. (1993) 
Arylsulphatase p-nitrophenyl sulphate (5 mM)  5.0 μmol p-nitrophenol g-1 h-1 Tabatabai and Bremner (1970) 
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Table 4 Values of the chemical and physical properties of the improved grasslands, the re-sown grasslands and the native grassland soils (mean 
± standard deviation and range of variation) under study.  
Property      Improved grasslands Re-sown grasslands  Native grasslands 
 Mean Range Mean Range Mean Range 
pH H2O 5.43±0.47a 4.90-6.52 5.21±0.27a 4.74-5.58  5.29±0.50a 4.50-6.40  
pH KCl 4.26±0.48a 3.72-5.23 3.97±0.26a 3.59-4.52  4.16±0.52a 3.35-5.50  
Clay 21±7a 12-39 17±4a 11-23  21±7a  9-42  
Silt  27±8a 17-46 26±12a 10-55  30±13a  11-60  
Sand 52±13a 21-71 57±14a 33-79  49±17a  18-80  
Total C (%) 5.26±2.02a 2.5-9.5 3.32±1.20b 1.8-5.4  5.7±2.9a  2.2-15.1  
Total N (%) 0.398±0.135ab 0.22-0.66 0.260±0.100b 0.15-0.45  0.45±0.23a 0.15-1.05  
C/N 13±1a 11-15 13±2a 10-16  13±2a   10-18  
Available P (mg kg
-1
) 60±9b 50-77 54±10b 39-78  19±7a  6-31  
Al2O3 (%) 0.80±0.48a 0.31-2.04 0.31±0.16b 0.09-0.67  0.67±0.52a 0.07-2.25  
Fe2O3 (%) 0.68±0.22a 0.36-1.11 0.35±0.17b 0.11-0.73  0.72±0.52a 0.11-2.22 
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Table 5 Values of the biochemical properties of the improved grasslands, the re-sown grasslands and the native grassland soils (mean ± standard 
deviation and range of variation) under study. For the same property different letters indicate significant differences (P<0.05).  
Property Improved grasslands Re-sown grasslands Native grasslands  
 Mean Range Mean                Range Mean Range 
Labile C
1 
268±69a 142-383 245±143a 105-728 279±112a 121-665  
Microbial biomass C
1 
429±123ab 266-628 310±135b 132-559 688±462a 114-2003  
Basal respiration
2 
385±131ab 211-604 250±130b 43-467 432±227a 125-1190  
qCO2
3 
3.85±1.33a 2.55-7.01 3.53±1.67a 1.12-7.41 3.1±1.3a 1.0-6.8  
Catalase
4 
1.56±0.40a 0.96-2.25 1.76±0.44a 0.94-2.35 1.72±0.84a 0.44-4.16  
Dehydrogenase
5 
0.60±0.21ab 0.28-1.16 0.49±0.22b 0.19-1.14 0.80±0.43a 0.24-2.32  
Net N mineralization
1 
23±12b 7.26-54 12±13a -3.5-41.5 12.9±12.1a -1.1-50.9  
CM-Cellulase
6 
0.214±0.081a 0.036-0.412 0.187±0.920a 0.064-0.377 0.221±0.106a 0.099-0.570  
-glucosidase
7 
1.48±0.56a 0.67-2.60 1.25±0.52a 0.45-2.20 1.74±0.81a 0.50-3.96  
Invertase
6 
6.00±2.14ab 3.52-10.23 4.41±2.13b 1.68-10.80 7.43±4.43a 1.39-19.50  
Casein-protease
8 
1.22±0.38ab 0.62-1.88 1.01±0.44b 0.43-1.87 1.43±0.59a 0.45-2.83  
BAA-protease
9 
18±8a 6-38 17±8a 7-33 23±13a 5-53  
Urease
9 
19±9a 3-33 14±9a 4-29 35±46a 3-193  
Phosphodiesterase
7 
0.68±0.30ab 0.29-1.42 0.45±0.18b 0.22-0.77 0.82±0.36a 0.16-1.65  
Phosphomonoesterase
7 
4.84±1.30ab 2.06-7.07 3.93±1.25b 2.60-6.45 5.67±2.56a 1.45-12.84  
Arylsulphatase
7 
0.42±0.16ab 0.12-0.66 0.29±0.24b 0.09-1.09 0.59±0.42a 0.07-1.98 
1
mg kg
-1
,
 2
mg CO2-C evolved 10 days kg
-1
 soil,
 3
µg CO2-C mg biomass carbon
-1
 h
-1
,
 4
mmol H2O2 consumed g
-1 
h
-1
, 
5
µmol INTF g
-1 
h
-1
, 
6
µmol glucose g
-1 
h
-1
, 
7
µmol p-nitrophenol g
-1 
h
-1
, 
8
µmol tyrosine g
-1
 h
-1
,
 9 
µmol NH3 g
-1 
h
-1
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Table 6 Values of the biochemical properties, expressed as unit of total carbon content (TC), of the native grassland soils, the improved 
grassland soils and the re-sown grassland soils (mean ± standard deviation and range of variation) under study. For the same property different 
letters indicate significant differences (P<0.05). 
 Native grasslands Improved grasslands Re-sown grasslands soils  
 Mean Range Range Mean Range 
Labile C/TC
1 
0.53±0.14a 0.28-0.87 0.55±0.14a 0.25-0.78 0.76±0.37a 0-46-1.95 
Microbial biomass/TC
1 
1.16±0.43a 0.53-2.55 0.90±0.33a 0.30-1.57 0.99±0.45a 0.36-2.26 
Microbial respiration/TC
1 
0.79±0.29a 0.38-1.55 0.77±0.23a 0.36-1.42 0.77±0.40a 0.21-1.89 
Catalase/TC
2 
31±9a 17-48 33±11a 13-56 49±17b 20-88 
Dehydrogenase/TC
3 
14±5a 6-26 12±4a 5-19 15±5a 9-26 
Net N mineralization/TC
4 
0.25±0.21a -0.23-0.73 0.45±0.19a 0.19-0.92 0.36±0.35a -0.14-0.90
 
CM-cellulase/TC
5 
4.1±1.4a 1.7-7.5 4.4±2.0ab 1.4-8.9 5.7±2.1b 2.8-9.6 
-glucosidase/TC
6 
32±11a 16-62 30±12a 11-60 41±18a 8-89 
Invertase/TC
5 
131±51a 45-263 123±52a 63-275 134±37a 70-205 
Casein-protease/TC
7 
27±7a 15-61 25±6a 12-36 31±10a 18-54 
BAA-protease/TC
8 
428±199a 178-805  367±185a 98-722 515±155b 163-726 
Urease/TC
8 
519±414a 64-1893 379±206a 102-852 404±145a 218-902 
Phosphodiesterase/TC
6 
15±6a 8-28 14±5a 7-22 14±5a 9-27 
Phosphomonoesterase/TC
6 
103±30a 42-176 99±30a 49-148 125±36b 86-218 
Arylsulphatase/TC
6 
10±5a 3-24 8±3a 4-15 8±5a 2-20 
1
 g 100 g
-1
,
 2
mmol H2O2 consumed g
-1 
C
 
h
-1
, 
3
µmol INTF g
-1 
C
 
h
-1
, 
4
mg N g
-1
 C 10 d
-1
, 
5
µmol glucose g
-1 
C
 
h
-1
, 
6
µmol p-nitrophenol g
-1 
C
 
h
-1
,
 
7
µmol tyrosine g
-1
 C h
-1
, 
 8
µmol NH3 g
-1 
C
 
h
-1
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Table 7 Correlations among all the biochemical properties and total C (TC) and N (TN) contents for improved grassland soils (***P<0.001; ** 
P<0.01; * P< 0.05) 
 Labile C Bio. Resp. qCO2 Cat. Deh. N 
 
min. Cel. Glu. Inv. Cas. BAA. Ure. Dies. Mono.  Aryl. TC  
Biomass C NS 1 
Respiration NS
 
0.73
*** 
1 
qCO2 NS NS  NS 1 
Catalase NS
 
0.64
 
0.79
*** 
NS
 
1 
Dehydrogenase NS
 
0.67
** 
0.66
** 
NS
 
0.64
** 
1 
Net N mineralization 0.54
* 
NS 0.67
**
 NS 0.71
**
 0.74
**
 1 
CM-cellulase 0.59
* 
NS
 -
0.17
 
NS
 
NS
 
NS
 
NS 1 
-glucosidase NS
 
NS
 
0.79
*** 
NS
 
0.66
** 
0.86
*** 
0.65
** 
NS
 
1 
Invertase NS
 
NS
 
0.64
** 
NS
 
0.65
** 
0.66
** 
NS
 
NS
 
0.75
** 
1 
Casein-protease NS
 
NS
 
0.68
** 
0.76
** 
NS
 
NS
 
NS
 
NS
 
0.62
** 
NS
 
1 
BAA-protease 0.57
* 
NS
 
0.15
 
NS
 
NS
 
NS
 
NS
 
NS
 
NS
 
NS
 
NS
 
1 
Urease NS
 
0.52
* 
0.26
 
NS
 
NS
 
NS
 
NS
 
NS
 
NS
 
NS
 
NS
 
0.81
*** 
1 
Phosphodiesterase NS
 
NS
 
0.75
** 
NS
 
0.62
** 
0.79
*** 
0.80
*** 
NS
 
0.86
*** 
0.61
* 
0.67
** 
NS
 
NS
 
1 
Phosphomonoesterase NS
 
0.62
* 
0.68
** 
NS
 
NS
 
0.83
*** 
0.57
* 
NS
 
0.78
*** 
NS
 
0.64
** 
NS
 
0.58
* 
0.74
** 
1 
Arylsulphatase NS 0.62* 0.60* NS NS 0.80*** NS NS 0.74** 0.52* 0.59* 0.62* 0.78*** 0.77*** 0.87*** 1 
TC NS
 
NS
 
0.66
** 
NS
 
NS
 
NS
 
NS
 
NS
 
NS
 
NS
 
0.70
** 
NS
 
NS
 
NS
 
NS
 
NS
 
1 
TN 0.57
* 
NS
 
0.71
** 
-0.38
* 
NS
 
NS
 
0.55
* 
NS
 
NS
 
NS
 
0.68
** 
NS
 
NS
 
0.59
* 
0.52
* 
NS
 
0.98
***    
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Table 8 Correlations among all the biochemical properties and total C (TC) and N (TN) contents for re-sown grassland soils (***P<0.001; ** 
P<0.01; * P< 0.05) 
 
 Labile C Bio. Resp. qCO2 Cat. Deh. N 
 
min. Cel. Glu. Inv. Cas. BAA. Ure. Dies. Mono.  Aryl. TC  
Biomass C NS 1 
Respiration 0.62
** 
0.75
*** 
1 
qCO2 NS NS  NS 1 
Catalase 0.54
* 
0.56
* 
0.68
** 
NS
 
1 
Dehydrogenase 0.61*
 
0.61
** 
0.55
* 
NS
 
0.61
* 
1 
Net N mineralization NS
 
0.52
*
 0.65
**
 NS 0.56
*
 0.71
**
 1 
CM-cellulase NS
 
NS
 
NS
 
NS
 
NS
 
0.50
* 
NS 1 
-glucosidase NS
 
0.57
* 
NS
 
NS
 
NS
 
NS
 
NS
 
NS
 
1 
Invertase NS
 
0.65
** 
0.62
* 
NS
 
NS
 
NS
 
NS
 
0.84
*** 
0.55
* 
1 
Casein-protease 0.50
* 
0.72
** 
0.73
** 
NS
 
0.82
*** 
0.82
*** 
0.71
** 
0.73
** 
0.66
** 
0.77
*** 
1 
BAA-protease NS
 
0.63
** 
0.58
* 
NS
 
NS
 
NS
 
NS
 
0.55
* 
NS
 
0.67
** 
0.51
* 
1 
Urease NS NS NS NS NS 0.59* NS 0.75** NS 0.61* 0.62* 0.73** 1 
Phosphodiesterase NS 0.82*** 0.83*** NS 0.58* 0.76*** 0.79*** NS 0.52* 0.54* 0.76*** 0.61* NS 1 
Phosphomonoesterase NS 0.85*** 0.82*** NS 0.50* 0.73** 0.74*** 0.60* 0.53* 0.73* 0.80*** 0.78*** 0.69** 0.90*** 1 
Arylsulphatase NS 0.72** 0.58* NS 0.53* 0.90*** 0.83*** NS NS NS 0.73** NS NS 0.80*** 0.74*** 1 
TC NS
 
0.54
* 
0.67
** 
NS
 
NS
 
0.69
** 
NS
 
0.71
** 
NS
 
0.76
*** 
0.78
*** 
0.69
** 
0.84
*** 
0.64
** 
0.75
*** 
0.59
* 
1 
TN NS
 
0.59
* 
0.71
** 
NS
 
0.55
* 
0.78
*** 
0.61
* 
0.72
** 
NS
 
0.74
*** 
0.82
*** 
0.75
*** 
0.87
*** 
0.72
** 
0.84
*** 
0.68
**
0.98
***    
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Figure captions      
Fig. 1 Soil quality in Galician grassland soils according to three different soil quality 
equations 
Fig. 2 PCA analysis for several types of grasslands in Galicia. 
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Fig. 1 Soil quality in Galician grassland soils according to three different soil quality 
equations.  
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Fig. 2 PCA analysis for several types of grasslands in Galicia. Resp, N min, DH, Gluco, BAA, Pmono, Pdies and Aryl  stands for respiration, N 
net mineralization, dehydrogenase, -glucosidase, phodphomonoesterase, phosphodiesterase and arylsulphatase respectively. 
 
 
 
 
 
 
 
